The 77 GHz band has been reserved for intelligent cruise control in luxury cars and some public transport services in America and the United Kingdom. The Rotman lens offers a cheap and compact means to extend the single beam systems generally used, to fully functional beam staring arrangements.
INTRODUCTION
Millimeter wave (mm-wave) radar systems are becoming an important part of the sensor suite for the next generation of automobiles and trucks. Applications include adaptive cruise control (ADC), forward and rear parking aids, and blind spot sensors. The latest generation of sensors operate in designated collision-avoidance bands at 24 or 77 GHz. The 24 GHz band is used by the high-resolution radar sensor developed by M/A-COM for short-range (< 20 meters) parking aid and blind-spot detection with a range resolution of a few centimeters, whereas 77 GHz is used for the adaptive cruise control sensor on the Mercedes S and E Class automobiles in Europe. These mm-wave radar sensors have significant advantages including increased range and detection performance over the ultrasonic sensors currently deployed as reverse parking aids.
Mercedes uses a system that switches rapidly among three beams by changing antenna feed points, creating a scanning effect inexpensively and with no moving parts. The beams are wide enough to ensure that each overlaps the adjacent beam, providing a combined 12-degree field of view. More advanced and expensive antenna systems rely on an antenna that is mechanically scanned and emits a narrow beam. The resolution is much higher than the three-beam system and has a larger scan angle. The increased mechanical complexity and size of the antenna makes this system unsuitable for this application. This paper is concerned with the design and development of constrained lens solutions that address the limitations of current ADC systems. A Rotman lens built using microstrip techniques feeding a patch antenna array, offers an attractive alternative that provides high gain, large scan angles, conformal geometry, and low cost. The antenna array can scan in the same way the Mercedes system does. Instead of three beams the Rotman lens makes available many narrow, high gain beams, making the application of biologically inspired vision systems attractive. [1] [2] [3] [4] Beam-width can be adjusted by combining adjacent beams to produce a broader beam with a lower gain. Scan angles of 60
• and high gains are obtainable with careful design. 
DESCRIPTION OF ROTMAN LENS
A Rotman lens consists of a parallel plate region (body) with beam ports and array ports distributed along opposite contours. The central beam port provides equal path lengths to each array element. An offset beam port produces a path length difference and hence a phase gradient along an array, giving a steered beam.
The design of the lens is governed by the Rotman-Turner design equations 5 that are based on the geometry of the lens; these are shown in Fig. 1 . The equations generate the positions of the antenna ports based on three perfect focal points (F 0 , F 1 , and F 2 ). The beam ports are placed on a circular arc joining the three focal points. The lower case letters represent their upper case variable normalised to the aperture size (maximum N ), and w is the phase delay in wavelengths between the antenna port and patch antenna. The defining parameters of the Rotman lens are the internal scan angle α, ratio of G F , value of f and the number of antenna ports (external scan angle). 
ROTMAN LENS DESIGN, RULES OF THUMB
These rules of thumb have been used to quickly design cheap lenses for applications that do not require high levels of efficiency or gain. They tend to be applied to lenses with three to five beam ports with seven to fifteen antenna ports. These lenses can achieve approximately 10 dB sidelobes but they tend to suffer from poor isolation between ports and high sidelobes outside the scan angle due to reflections from the lens' side walls.
Typical rules of thumb are:
• Distance between ports 5 and antennas of ≤ λ 2 .
• Taper ports 6 with angle ≤ 12.5
• .
• Side walls have absorptive material or matched dummy ports.
6
• Antenna lines are bent to implement required phase delays.
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HIGH PERFORMANCE ROTMAN LENS
We now summarize the design procedure for delivering high performance Rotman lenses.
A unique automation procedure that overcomes the time consuming fine tuning simulation that has hindered the deployment of efficient Rotman lens sensors. The automation of layout involves using Matlab to generate the lens design and exportation to DXF. This prepares the design for simulation (using Ensemble) or manufacture.
Historically reflections from the sidewalls are the biggest limiting factor affecting performance. Our approach has been to design sidewalls so that the reflected radiation within the lens is minimised. This involves evoking two sets of dummy ports, one, to deal with radiation from the antenna ports and the other to deal with the radiation from the beam ports. The orientation for well designed sidewalls is shown in Fig. 2 . Little energy from the antenna ports will be incident on the beam dummy ports and the energy that does, is reflected directly onto the antenna dummy ports.
(a) Poorly Designed Sidewalls (b) Well Designed Sidewalls
Fig. 2: Sidewall design
The S parameter impedance predictions are efficiently calculated using Ensemble software.
Port design and matching has been addressed by iteratively matching each port to the body of the lens then recalculating the S-matrix for the new port impedance. In addition, the challenge of shaping the fields around the port must be made to approximate those in the parallel plate region of the body of the lens. The tapered port rule of thumb, (see Section 3), works well.
An excitation taper has been introduced to minimise sidelobes by varying f . Fig. 3 shows the variation in shape of a Rotman lens as we vary f keeping the port spacing and aperture size constant. Fig. 3(b) and Fig. 3(c) show that keeping the half wavelength spacing between antenna ports becomes a problem after about f = 0.75 for the outer antenna ports. We have also maximised the beam-port widths for improving their isolation and for directing more energy towards the inner antenna ports. Although the width of a beam port is unable to be increased beyond λ/2, it is possible to excite two or more ports side by side to get an effective increase in port width.
10 By coupling two adjacent ports together a total gain of up to 3 dB is achieved and sidelobes are reduced by as much as 5 dB at the expense of slightly increased beam width.
Microstrip patch antennae are a feature of our approach. Beside the fact they provide low levels of mutual coupling, they most significantly radiate perpendicular to the surface they are mounted on. Since this allows the antenna to be displaced vertically without affecting performance in the horizontal plane, microstrip-lined constrained lens path lengths can be kept as straight as possible (is desired for avoiding electromagnetic discontinuities).
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FRONT END DESIGN
We propose the Rotman lens design shown in Fig. 4 for both transmit and receive sensing applications
The lens design shown in Fig. 4(a) has 29 antenna ports and 11 beam ports each made up of two subports. The patch columns in Fig. 4 This approach reduces the effect of frequency on beam pattern. The beam pattern for one side of the lens is shown in Fig. 5(a) and the patch columns in Fig. 5(b) . Performance parameters are shown in Table 1 . A feature of Fig. 5(a) is the low sidelobe levels. 
RADAR PERFORMANCE
The range for both clear weather (3.5 dB per/km attenuation) and poor weather (50 dB per/km attenuation) have been calculated using the following formula:
Where the transmitted power P t is 10 dBmW, radar cross section σ is 10 dBsm, wavelength λ is 3.89 mm, system noise figure F n is 15 dB, detectable signal to noise ratio (S o /N o ) is 7 dB, G is the antenna gain, kT B is the noise bandwidth product where B is 1 kHz and L s is the loss in the system and is a combination of antenna loss and atmospheric loss.
The range at which a 10 dBsm target, in a sidelobe, will be detected has also been calculated. The results are calculated, using the antenna parameters presented in Table 1 , and are shown in Table 2 .
The performance characteristics outlined in this table are consistent with current state-of-the-art operating ADC systems. The substantial reduction in sidelobes when compared to work done by Metz 14 makes it possible to remove false targets by simply increasing the threshold for lower ranges. The improvements in scan angle over the system used by Mercedes means that automobile cut-in detection can be implemented with intelligent cruise control in the same system. 
CONCLUSION
This report demonstrates the feasibility of a planar 77 GHz beam staring antenna array as a front end for a collision avoidance system. The antenna array consists of serially fed microstrip patch elements arranged in columns and connected to a Rotman lens to realise a steerable antenna. An Epsilon Lambda Electronics Corporation 77 GHz FMCW radar connected as the back end to our Rotman lens promises both good range and wide scan angles.
